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FOREWORD

The work described in this report was
accomplished by the Douglas Aircraft
Company, Alrcraft Division, Long Beach,
California, for the U. S, Army Trans-
portation Research Command, Fort Eustis,
Virginia. This report represents the
work conducted under Phases I and II of
Contract DA44-17T7-TC-735, with Mr. J. E.

Yeates, U. S. Army TRECOM, technical
monitor.

The project was conducted by the Douglas
Aircraft Company, with Mr. F. C. Allen,
Supervisor of Structural Research,
providing the technical direction and
Messrs. D. M. Rehder and L. B. Mosby
acting as chief technical investigators.
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Note:

LIST OF SYMBOLS

Symbols used in the Appendix are listed therein,

one~half amplitude of a terraln undulation with
a l-cos shape, Inches

alrplane acceleration parallel to the horizontal
datum plane, feet per second?

aerodynamic drag force, pounds

vertical force at attachment point of landing
gear to wing, pounds

acceleration of gravity, feet per second2

length of a bump or of a single cycle of con-
tinuous undulation, inches; also, 1ifting force,
pounds

aerodynamlc moment, inch-pounds

moment of all forces on the landing gear about
point of attachment to the wing, inch-pounds

load on landing gear at ground contact point
normal to the horizontal datum plane, pounds

load on landing gear at ground parallel to the
horizontal datum plane, pounds

ground run distance during take-off or landing,
feet; also, spacing of discreet bumps, inches

englne thrust, pounds

veloclty of airplane parallel to the horizontal
datum plane, knots

landing approach speed, knots
landing speed, knots

veloclty of alrplane normal to the horilzontal
datum plane, feet per second

AV




ZMAX

A
AR

LIST OF SYMBOLS (Cont'd)

alirplane welght, pounds

total force (thrust minus drag) on airplane
parallel to the horizontal datum plane, pounds

distance of the tire point of contact from the
point of touchdown, inches

distance of bump center-line from point of
landing gear touchdown, inches

helght at any point of a terrain irregularity
froin a horizontal datum plane, inches

maximum height of terrain irregularity = 24,
inches

slope of ground at point of contact or general
slope of landing area, degrees

braking coefficient of friction

rolling coefficient of friction

sliding coefficient of friction

runway parameter; the average resistance to
horizontal motion of the airplane caused

by terrain slope and rolling coefficilent of

fricticn, expressed as a fraction of airplane
welght

xvi




SUMMARY

This report contains an analytlcal investigation

of the effect of rough terrain on the loads, weights,
and performance of the OV-1 alrplane during landings.
The load calculations, which were conducted on an
IBM 7090 computer, considered the internal operating
mechanism of the landing gear and the flexibillities
of the gear and structure as a mutually interacting
dynamic system. The equations of motlion and certaln
details of the computer program are provided in
Appendix I.

A determlnation was made of the terrain roughness

at which modification to the airplane was considered
necessary and the terraln roughness at which the
reduced performance of the OV-1l alrplane, due to
increased welght, became equal to or inferior to

a VIOL aircraft of equal weight.

This work was concerned with the determination of
maximum loads and corresponding welght and perform-
ance penalties; however, observations were made
regarding the importance of repeated loads durlng
landing or taxling on surfaces with multiple
irregularities.

The primary results of the investigation appear in
Tables 12 and 13, which show the terrain roughness
at which structural reinforcement 1s considered
necessary and the terrain roughness at which the
performance of the airplane becomes equal to that
of a VIOL alrcraft of the same weight.




INTRODUCTION

OBJECTIVES

The general purpose of thils investigatlion was to obtain infor-
matlion on the effe-t of rough terrailn on structural loads of
alrcraft so that rcugh-terrain loads criteriz may be devel-
oped. More specifically, the obJjectives were as follows:

1. To determine analytically the variatlon of loads
on the CV-1 alrplane with terrain roughness and
the corresponding changes 1n welght and alrcraft
performance,

2. To determine the terraln roughness at which
modification to the 0OV-1 alrcraft 1s desirable
or necessary, and

3, To determine the degree of terraln roughness
at which the reduced performance of the QvV-1
alrplane, caused by 1lncreased welght, becomes
equal or inferior to the performance of a VIOL
alrcraft of the same gross weight.

The need for the establishment of new structural design cri-
terla for rough-terrain operations arlses from the fact that
current Army alrcraft are designed to meet Alr Force, Navy or
Federal Aviation Agency requirements. These alrcraft are not,
in general, designed for loads that may be imposed by some of

the Army's speclalized missions, particularly rough-terraln
cperations,

The problem involved in establishing these design criteria 1s
to specifly the extent of the roughness to which the ailrcraft
must be subjJected upon landing. It 1s apparent that an alr-
craft which has a finite landing speed cannot be designed for
21 v omednie decrvers nf Janding area roughness. It 1s assumed
that the design roughness should be no greater Lnan uuav
which will impose wei 'ht penaltles sufficient to make a VIOL
alrcraft more erficient. The reasons for the project objec-
£ives thus become clear: By examining the effect of rough-
terrain landings on several alrcraft configurations, it 1s
hoped to obtailn an approximate idea of a reasonable terrailn
roughness to be used in the design of future Army aircraft.




The problem of landing area roughness has been of concern

for many years to both civil and military organizations.

It has long been recognized that normal irregularities in
commercial landing fields have contributed to the fatigue
damage of transport alrcraft, and the work described in
References 1 to 3 was conducted to define the magnitude and
frequency of undulations at some of the large alrports of the
world. The Navy has experienced numerous landing gear fall-
ures which were attributed to running over an arresting cable
at the time of 1mpact and is currently conducting an investi-
gatlion for the development of a gear which will alleviate the
loads experienced under those circumstances.

The terrain roughness encountered by Army aircraft at their
forward bases 1s of greater magnitude and requires special
consideration. Previous TRECOM-funded programs have involved
experiments with large, high-flotation tires (Reference 4)
and actual landing tests with several fixed-wling Army ailrcraft
on rough terrain (Reference 5). The current investigation 1s
the first Army-sponsored proJject which approaches the problem
on a strictly analytical basis. It 1is hoped that the results
will develop an understanding of the factors involved and
wlll provide a base for the formulatlon of design criterla
for rough-terraln operations.

i




THE OV~-1 ATIRPLANE AND GEAR

The OV-1 alrplane, upon which thils 1lnvestligatlon 1s based,
1s shown 1n Flgure 1. Pertinent general data are given 1in
Table 1. The 0V-1 is a two-place, twin turboprop alrplane
bullt by the Grumman Aircraft Englneering Corporation., It
was designed to operate from small, unimproved flelds and 1is
primarily a tactlical observation and photographlic alrplane.

The OV-1 1s equipped with a retractable tricycle landing gear,
having a full-swiveling non-steerable nose wheel. The inter-
nal mechanism of both main and nose gear 1ncorporates a con=
ventional hydropneumatic shock strut equlpped with a metering
pin-orifice arrangement characteristic of airplanes designed
for high sink speeds. General arrangement sketches of the
maln and nose gear are shown 1in Figures 2 and 3.

The OV-1 configuration used for this ground loads study is the
airplane cquipped with empty 150-gallon wing tanks, 4 HVAR
rockets on the wing racks, and 670 pounds of fuel in the fuse-
lage tank. The correspondling gross welght is 11,771 pounds
with the center of gravity at fuselage station 159.8 and 22.3
inches below the fuselage reference line. The basic take-off
welght for performance calculations 1s 14,340 pounds, the con-
figuration veing 1dentlcal to the landing configuration except
for full fuel (i.e., fuselage and external wing tanks full)
and less rockets.

References 5 through 30 give pertinent structural welght and
aerodynamic data on the alrplane. The followlng fundamental
items of structural design criteria are summarized for the
reader's convenlence,

Maximum design limit load factors 5.0, =2.0

at deslgn flight gross welght

Design limit speed 390 knots (EAS)
Design 1limit sinking speed 17.0 fps

Deslign ultimate sinking speed 20.8 frps

at design landing gross welght
of 10,715 pounds




THE VTOL ATIRPLANE

The VTOL alrecraft chosen for comparison wlth the OV-1 1is shown
in Figure 4. This aircraft is a canard, tilt wing vehicle
powered by two Lycoming LTC4B-8 shaft turbines driving four
varlable cambered propellers. The englnes and propellers are
interconnected to permlt single englne operation in the event
of an engine fallure and for increased crusing economy. The
alrcraft is a modified version of the Douglas D-847 retrieval

VTOL previously designed for a misslon comparable to that con-
sldered for thils study.

Fixed equipment installed in the VTOL alrc¢raft has been selected
to duplicate the 0OV-1 installation for the observation mlssion.
The fuselage can accommodate all fuel internally and thus does
not recuire the external fuel installatlon provided on the OV-1l.
The ailreraft has a limit load factor of 4.0 at take-off welght
to be compatible with the OV-1 at design take-off welght.

The VTOL alrcraft size required to achleve mlssion capabllity
cgulvalent to that of the 0V-1 1s determined by iInvestigation

of several sizes over a range of take-off gross weight from
10,000 to 16,000 pounds.

Fuselage and engine size, engine installation losses, and pro-
peller efficlency are assumed to be the same for all welghts.
Propeller size 1s determined by the requirement for a statle
thrust-to-welght ratio of 1.05 for sea level hot day (89.6°F)
operation. Uings are sized by holding constant the clearance
between the forward propellers and the fuselage, and by maln-

taining the same aspect ratio and span ratio between the forward
and aft wings.

Dimenslions of the VTOL alrcraft at the four weights considered
for thils study are given 1in Table 2. The welght breakdown
used to obtain fuel weight 1s contalned in Table 3.




ROUGH-TERRAIN CATEGORIES

A regquirement of this project was to relate the limiting
landing conditions to terrain roughness described in accord-
ance with a terrain designation system developed by the
Planning Research Corporation, Los Angeles, Callfornia,
presented in Reference 31. An example of a terraln desig-
nator 1is given in Figure 5. In that report terrains are
classified by the use of four matrices. The first matrix
defines operational area, length and wldth dimensions, and
general slopes in width and length dlrections. The second
matrix defines height, spacing and slope of terraln undula-
tions. The third matrix defines height, spaclng and type
of obstacles. The fourth matrix defines the soll as to

its California bearing ratio and soll classificatlion. The
variations of each parameter in each matrix with terrain
roughness are shown 1n Tables 4% through 7.

Several simolifications of the fterraln roughness spectrum
were required by limitations of the project size and by
limitations of the computing capabillities. These are

listed and discussed below (paragraph numbers corre-
spond with matrix numbers):

I. No side force calculations were included in the
computing program. Therefore, width slope, para-

meter 2 in the first matrix, 1s zero in all
condltions.

IT. Obstacles as well as undulatlons were two-
dimensional, that 1s to say cylindrical, with
axes at ripht angles to the motlion of the airplane.
This simplification resulted from the first since

a skewed or non-uniform bump would induce side
loads.

IIL. Obstacles vere 1imMiTeU LIl vuupe we - 277 B
with the minimum radius approximately equal to
that of the tire. This simpliflication was reguired
for two reasons. First, the computing program as
originally concelved was Incapable of handling
the case where there were two points of contact
of the wheel with the ground, and secondly, no tire
load-deflection data were avallable for the defor-
mation of the tire by a loading surface of small
radius. A prorsram revision was made to allow a
stightly smaller minimum bump radiil than tire
radlus by usling a step integration across the bump
rather than o convergence procedure on tire radius.
However, a bump radius restriction was still
required.




IV,

The soil characteristics were described in the cal-
culations by the parameters of sliding and rolling
coefficients of friction, and the results are so
presented. A 1literature search was made 1n an
attempt to correlate rolling and sliding coeffi-
clents of friction to the soll capacity and classi-
fication of matrix IV. Certalin equations are
avallable to determine wheel sinkage and rolling
coefficient of friction from basic soll parameters
for slow and steady vehicle movements (see References
33 to 35). This data, however, is not applicable

to the impact and high velocity conditions encountered
on landings. Therefore, the resuits are gquoted in
terms of rolling coefficient of friction.




METHODS OF ANALYSIS

GUNERAL

The methods used to accomplish the objectives stated in the
ntroductlion are described 1n general terms, after which a
more detalled description of each phase 18 presented.

To determine analytically the varlation in loads of the 0OV-1
alrrvlane with terrain roushness, computations were made

using an IDM projram which simulated the operational charac-
terlstics of Che gear and the elastic properties of the gear
and alrplane structure. The 1nput to the computing program
conslilsted of the Inltial velocities, both vertical and hori-
zontal, the attltude o the airplane, and the contour and
cnaracter of the oround. To assure that the computing pro-
cram w2gs revresenting the alreraflt adgquately, initial runs
woere niade slmulating drop tests which were made by the air-
craft manulacturer on the alrcraft 1tself, and the analytical
resules were comparced with the test results.

The output of the computing program gave time histories of
load or element accelieration. Critical values of load at any
instant ol time were then used to ccempute chanszes in weight.
Weloht chances were cobtained by theoretilcal stress analysis
mctinods typilcal of those used in advanced design. Although
the methods ugsed for determining weight varistion were not
complex, the bookkeeplng was extensive since there were many
cases and numerous io*ao for cach case which affected differ-~
ent porvions of Ch. Celaon T towt ~hnnes were plotted
as a function of terrain rouchness parameter such as size of
bump, spacing, or coelflicient of friction. 1In order to ana-
lyze a¢uv4ﬁtely the efrfect of terrain roughness cn the perfor-

mance oi the OV--1 airplane, the performance characteristics
of the alrcraft were f{irst derived for arbiltrary varlations
irn airplane wefzht., Therefore, take-off performance was com-
cuted as a fun:tion of take-off weight, landing performance
was derived as a function of landing weight, and radius per-
formance was obtained as a function of take-off weilght and
fuel quantity. The methods used to calculate these perfor-
mance charac.eristics are described and are based on data
supplied by the Grumman Alrcraft Engineering Corporation
(GAEC). Correlation with the results obtained by the GAEC
was macde., Tne performance characteristics of the VIOL air-
craft selected for comparison were also determined.




Based on the methods and equations derived to describe the
performance characteristics of the OV-1 as a function of
welght, the effects of varlous terrain conditions were next
developed. These characteristics were then compared wilth
those of the VIOL airplane, in order to determine the terrain
conditions for which a VTOL alrplane of the same gross weight
as the OV-1 had a radius equal to that of the 0V-1.

BASIC ASSUMPTIONS

The basic assumptlons used in this analysis and their effect
on the results are discussed 1in the following paragraphs.

1. Weight 1ncrements for this analyslis were based on
ultimate sinking speeds of 17, 12 and 8 feet per
second with respect to a horizontal datum plane.
Since the 0OV-1 was designed and tested for an ultil-
mate sinking speed of 20.8 feet per second, strength
marzins exlsted for 17.0 or less feet per second
landings on g¢mooth terraln. Posltive weight 1incre-
ments were therefore obtalned only after the terrain
roughness became high enough to use up thls strength
margin. The terraln roughness at which "modifilca-
tion to the 0OV-1 alrcraft is desirable or necessary'*
was assumed to be those degrees of terrain roughness
where the weilght Increment became positive,

It is evident that these polnts are highly dependent
on the basic sinkling speed assumptlon, and that all
welght Increments are affected by 1t to a greater
or lesser extent.

Deslgn sinking speeds should 1ldeally be established
after the examination of large gquantitles of statis-
tical data on actual landings of alrcraft. Since
such data were not avallable for alrplanes operating
in and out of unimproved areas, three sinklng speeds
were chosen so that the effect of the baslc sinking
speed assumption can be easlly determlned.

n

The rigldity of the OV-1 airplane was assumed to
remaln constant as loads increased. In other words,
as the welght increased because of rough-terrain
loads,; no corresponding changes 1n rigldity were

¥ See objectlve number 2, page 2




made. Obviously, then, the computed welght increases
are only a first approximation. An iteration to
improve accuracy was not considered practical princi-
pally because of the enormous labor involved. The
effect of the assumption 1s to cause less accuracy

at the higher welght 1ncrements.

All surface roughness was assumed to be of the 1-
cosine shape. Various terraln slopes and rolling
coefficients corresponding to various degrees of
landing area softness were also investigated. The
l-cosine shape was used because 1t was a good
approximation of typlcal natural undulations and
because 1t provided a convenient mathematical treat-
ment. By relating the results to the maximum helght
of bump, the maximum slope, or length, a means has
been provided for obtalning approximate performance
penaltles for bumps of other shapes. Since maximum
loads were always obtained before the crest of the
bump, the shape of the approach side 1is of importance.
The solutions are, therefore, conslidered applicable
to asymmetrlic bumps where the shape of the approach
side conforms to a l-cosine curve and the shape of
the down side 1is of 1little consequence,

Surface roughness was assumed to be cylindrical with
axls 1in a horizontal plane normal to the motion of

the alrplane. This assumptlon was a corollary of the
basic concept of the project that asymmetric initial
conditicns would not be included in the calculations.

In the investigation of the effect of continuous
terrain slope, 1t was assumed that the alrplane
attitude was adjusted by the pllot to the slope of
the landingz area but that the sinking speed relative
to the horizontal datum plane was unchanged. The
landing area slope whilch was assumed upward 1n the
direction of [1light caused an effective increase 1in
sinklnzs speed equal approximately to the slope times
the forward velocity. This assumption obviously
gzave hlgher welght 1ncrements and greater perform-
ance penaltles than would be obtalned 1f the pilot
adjusted completely to the slope and landed at seven-
teen feet per second measured normal to the ground.
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LOAD DETERMINATION

Loads were determined from a computing program based on Refer-
ence 36, Modifications to this work were introduced to include
landing and taxiing on a non-uniform area and to provide
print-out of accelerations and locads at dlscrete points
throughout the airplane. Since the mathematical statement of
rouch terrain and the accompanying data required in the solu-
tion exceeded the total capacity of the former program, it

was re-coded in Fortran language.

The computing program coded in Fortran language generates the
ground contact loads and structural accelerations on an elas-
tic airplane, accounting for the feed-back between the air-
plane and the main and nose landing gears during landing and
faxiing. The non-linearities of the tire spring rates, air
compression in the oleo, hydraulic damping, metering pin
cross-sectional area, and drag forces dependent upon skidding
and rolling ground coefficients of friction were considered.
The flexibillity of the gear and of the airplane 1is accounted
for by the inclusion of several natural modes of vibration
which were determined from the results of the manufacturer's
ground vibration tests corrected to the configuration used

in this report.

In the interest ol simplification, certain limitations were
imposed cocn this analysis, but these are inherent neither in
the general method nor in the computing equipment available.
For Ilnstance, the bumps were assumed to be of l-cosine shape.
They could have been made mcre complex. A constant forward
velocity of 24.5 knots was assumed. The angle of the strut
wlth the vertical was assumed constant for each case computed.
A constant sliding coefficient of friction before spin-up and
a constant rolling coefficient of friction after spin-up

were used.

The tire load-dellectlon curve was represented by a series of
stralght lines of sufficient number to provide a satisfactory
approximation of the exact curve. This procedure permitted
the incluslon of a relatively sharp break in the curve at a
point near full tire compression.

Four flexible modes of vibration were used in the analysis
with frequencies of 7.06, 7.70, 9.04% and 13%.6 cycles per
second. This was sufficient to describe accurately the
elastic characteristics. However, the number of degrees of
freedom permissible in the program exceeds those needed in
the current studlies and allows for future adaptation of the
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program to analytical studies of unsymmetrical landings. The
alrplane was divided into a number of discrete mass 1ltems

for purpose of thls analysls. The division is 1llustrated

in Flgure 6.

The alrplane equations of motlon were written to include
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